Schoeber JP, van de Graaf SF, Lee KP, Wittgen HG, Hoenderop JG, Bindels RJ. Conditional fast expression and function of multimeric TRPV5 channels using Shield-1. Am J Physiol Renal Physiol 296: F204 -F211, 2009. First published October 8, 2008 doi:10.1152/ajprenal.90473.2008.-A recently described novel controllable method to regulate protein expression is based on a mutated FK506-binding protein-12 (mtFKBP) that is unstable and rapidly degraded in mammalian cells. This instability can be conferred to other proteins directly fused to mtFKBP. Binding of a synthetic cell-permeant ligand (Shield-1) to mtFKBP reverses the instability, allowing conditional expression of mtFKBP-fused proteins. We adapted this strategy to study multimeric plasma membrane proteins using the ion channel TRPV5 as model protein. mtFKBP-TRPV5 forms functional ion channels and its expression can be controlled in a time-and dose-dependent fashion using Shield-1. Moreover, in the presence of Shield-1, mtFKBP-TRPV5 formed heteromultimeric channels with untagged TRPV5, which were codegraded upon washout of Shield-1, providing a strategy to study multimeric plasma membrane protein complexes without the need to destabilize all individual subunits. conditional protein expression; inducible system; ion channels; heteromultimerization STUDYING THE BIOLOGICAL FUNCTION of ion channels generally implies the perturbation of protein function using a variety of approaches, including gene elimination (knockout), RNA interference, overexpression of (dominant) negative mutant proteins, or use of small molecule inhibitors. The time scale, specificity, and required experimental skills of these strategies differ largely. A strategy that encompasses the specificity of genetic approaches with the speed and reversibility of small molecules was recently described by Banaszynski and colleagues (2). The key feature of their technique is the use of a mutant FK506-binding protein-12 (FKBP12 F36V/L106P , hereafter referred to as mtFKBP), that is unstable and prompts the protein to proteasomal degradation. However, instability of the protein is reversed by binding of a specific cell-permeant high-affinity ligand (a synthetic small molecule termed Shield-1) that can interact with the destabilized protein, thereby rescuing it from degradation (as illustrated in Fig. 1A) . By fusion of mtFKBP to a protein of interest, this instability is conferred to the fusion protein, while addition of Shield-1 stabilizes the entire fusion protein (Fig. 1B) . The main advantages of this technique are 1) a tunable protein stabilization; expression level is tightly controlled by the concentration of Shield-1 in the culture medium, 2) reversibility; Shield-1 washout rapidly results in fusion protein destabilization and degradation, and 3) specificity; Shield-1 only binds to FKBP12 carrying the F36V mutation and does not elicit any transcriptional effects in cells (12). Previously, Banaszynski et al. demonstrated that this approach can be used on a variety of target proteins, as mtFKBP fusion rendered instability to yellow fluorescent protein (YFP), several kinases (e.g., CDK1), small GTPases (e.g., Rac1), transcription factors (e.g., CREB) and CD8␣, a glycoprotein carrying a single membrane-spanning domain (2). Here, we investigated whether this approach is effective for ion channels and whether it is applicable to study heteromultimeric protein complexes using mtFKBP-tagged subunits.
conditional protein expression; inducible system; ion channels; heteromultimerization STUDYING THE BIOLOGICAL FUNCTION of ion channels generally implies the perturbation of protein function using a variety of approaches, including gene elimination (knockout), RNA interference, overexpression of (dominant) negative mutant proteins, or use of small molecule inhibitors. The time scale, specificity, and required experimental skills of these strategies differ largely. A strategy that encompasses the specificity of genetic approaches with the speed and reversibility of small molecules was recently described by Banaszynski and colleagues (2) . The key feature of their technique is the use of a mutant FK506-binding protein-12 (FKBP12 F36V/L106P , hereafter referred to as mtFKBP), that is unstable and prompts the protein to proteasomal degradation. However, instability of the protein is reversed by binding of a specific cell-permeant high-affinity ligand (a synthetic small molecule termed Shield-1) that can interact with the destabilized protein, thereby rescuing it from degradation (as illustrated in Fig. 1A ). By fusion of mtFKBP to a protein of interest, this instability is conferred to the fusion protein, while addition of Shield-1 stabilizes the entire fusion protein (Fig. 1B) . The main advantages of this technique are 1) a tunable protein stabilization; expression level is tightly controlled by the concentration of Shield-1 in the culture medium, 2) reversibility; Shield-1 washout rapidly results in fusion protein destabilization and degradation, and 3) specificity; Shield-1 only binds to FKBP12 carrying the F36V mutation and does not elicit any transcriptional effects in cells (12) . Previously, Banaszynski et al. demonstrated that this approach can be used on a variety of target proteins, as mtFKBP fusion rendered instability to yellow fluorescent protein (YFP), several kinases (e.g., CDK1), small GTPases (e.g., Rac1), transcription factors (e.g., CREB) and CD8␣, a glycoprotein carrying a single membrane-spanning domain (2) . Here, we investigated whether this approach is effective for ion channels and whether it is applicable to study heteromultimeric protein complexes using mtFKBP-tagged subunits.
As a model ion channel we used the epithelial Ca 2ϩ channel transient receptor potential vanilloid-subtype 5 (TRPV5), which belongs to the TRP superfamily of ion channels. TRPV5 forms the apical entry gate for Ca 2ϩ , which is the rate-limiting step in active transepithelial Ca 2ϩ transport (16, 17) . TRPV5 channels consist of four identical subunits, forming a single central pore (5) . Each subunit has six transmembrane domains, with the pore-lining region located between transmembrane domain five and six, and large intracellular NH 2 and COOH termini (14) . TRPV1, TRPV2, TRPV3, TRPV4, TRPV5, and TRPV6 form a separate TRPV (vanilloid) subfamily of TRP channels. Of all the members of the TRPV subfamily, TRPV5 can only form a multimeric complex with TRPV6, its closest family member that plays a pivotal role in intestinal Ca 2ϩ absorption (8, 10) . TRPV5 channel activity is characterized by selective Ca 2ϩ currents that rapidly decrease, indicative for Ca 2ϩ -dependent inactivation, and a specific (inward rectifying) ion current-voltage (I-V) profile. The latter is reflected by large currents at negative membrane potential and negligible currents at positive membrane potential (19) . In the present study, we fused mtFKBP to the NH 2 -terminal domain of TRPV5 (mtFKBP-TRPV5) and investigated its destabilizing effect on TRPV5 expression and activity. Addition of the mtFKBP protein to TRPV5 resulted in a large destabilization of the channel, with tunable and rapidly reversible stabilization upon addition of Shield-1, demonstrating the applicability of this method to ion channels. Importantly, in the presence of Shield-1, mtFKBP-TRPV5 formed heteromultimeric channels with untagged TRPV5, which were codegraded upon washout of Shield-1. This suggests that this approach can be used to study multimeric protein complexes operating at the plasma membrane without the need to destabilize all individual subunits using mtFKBP fusion.
EXPERIMENTAL PROCEDURES
Molecular biology. FKBP12F36V/L106P-YFP in pBMN was kindly provided by Dr. T. Wandless (Department of Molecular Pharmacology, Stanford University, Stanford, CA). TRPV5 was subcloned without start-codon into the eukaryotic expression vector pCB7 by PCR (forward primer 5Ј-GGGGTACCGGGGCCTGTCCACCCAAG-3Ј and reverse primer 5Ј-CGGGATCCTCAGAAATGGTAGACTTCCTC-3Ј) using HA-TRPV5 in pCB6 (18) as template. mtFKBP was fused to the NH 2-terminal tail of TRPV5 in pCB7 by PCR (forward primer 5Ј-GAAGATCTGCCACCATGGGAGTGCAGGTGGAAAC-3Ј and reverse primer 5Ј-GGGGTCCTTCCGGTTTTAGAAGCTCCAC-3Ј) using the pBMN construct as template. HA-TRPV6 was subcloned into the pCB6 eukaryotic expression vector by PCR (forward primer 5Ј-CTAGCTAGCGCCACCATGTACCCATACGACGTGCC-3Ј and reverse primer 5Ј-GGGACCGGTTCAGATCTGGTACTCCCAGC-3Ј) using HA-TRPV6 (18) in pTLN as template. TRPV4 in pCAGGSM2-IRES-GFP was kindly provided by Dr. B. Nilius, Laboratory of ion channel research, KU Leuven, Belgium. All constructs were verified by sequence analysis.
Cell culture and ligand treatment. Human embryonic kidney-293 (HEK293) were grown in DMEM (Bio Whittaker) containing 10% FCS, 4 mM L-glutamine, 0.1% (wt/vol) NaHCO3, 0.1 mM nonessential amino acids (Invitrogen, Carlsbad, CA), and 10 g/ml ciproxin at 37°C in a humidity-controlled incubator with 5% (vol/vol) CO2 in air. HEK293 cells stably expressing TRPV5 were cultured using the medium described above with addition of 400 g/ml G418. Following overnight transfection, medium was replaced with vehicle-treated or drug-applied medium as indicated for the individual experiments. The destabilizing ligand Shield-1 (final concentration of 1 M-generously provided by Dr. T. Wandless) and vehicle (ethanol absolute) were applied directly into the medium for 24 h before an assay was performed, unless indicated otherwise.
Drugs and antibodies. Drugs included MG132 (dissolved in DMSO: 474790, Calbiochem, EMD Biosciences, La Jolla, CA), chloroquine (dissolved in sterile H2O: C6628, Sigma, St. Louis, MO), cycloheximide (dissolved in ethanol absolute: C-6255, Sigma), and Shield-1 (dissolved in ethanol absolute). Antibodies included guinea pig anti-TRPV5 (1:3,000), rabbit anti-eGFP (1:5,000), rabbit anti-TRPV4 (1:5,000), mouse anti-FKBP12 (1:2,500, 554091, BD Pharmingen, BD Biosciences), mouse anti-HA (1:5,000, 2367, Cell Signaling Technology, Danvers, MA), sheep anti-mouse IgG-PO (1:10,000, 515-035-003, Jackson Immuno Research Europe), goat anti-rabbit IgG-PO (1:10,000, A-4914, Sigma), and goat anti-quinea pig IgG-PO (1:10,000, A7289, Sigma).
Cell surface biotinylation and protein quantification. HEK293 cells were transfected and treated as indicated in the individual experiments and subjected to cell surface biotinylation as described previously (4) . Cells were lysed in 50 mM Tris ⅐ HCl, pH 8.0, containing 5 mM EGTA, 100 mM KCl, 1 mM MgCl2, 0.2% (vol/vol) Triton X-100, 0.2% (vol/vol) NP40, and a protease inhibitor cocktail [0.10 mg/ml leupeptin, 0.05 mg/ml pepstatin-A, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 5 mg/ml aprotinin]. Biotinylated proteins were eluted with SDS-PAGE loading buffer and analyzed by immunoblotting. Quantification of protein expression was acquired by the use of pixel density (volume analysis) scanning with a Biorad GS 690 Imaging Densitometer and computed calculation (Biorad Molecular Analyst Software, version 1.5; Biorad Molecular Bioscience Group, Hercules, CA). Protein expression levels are depicted as arbitrary units (A.U.) or as relative protein expression (%).
Electrophysiology and 45 Ca 2ϩ uptake assay. Patch-clamp experiments using two voltage protocols were performed as described previously (19) . Averaged Na ϩ current densities were calculated from the current at Ϫ80 mV. The averaged Ca 2ϩ current densities were acquired by calculating the maximum current resulting from the voltage step to Ϫ100 mV from a holding potential of ϩ70 mV. For the 45 Ca 2ϩ uptake assay, HEK293 cells stably expressing TRPV5 were transfected with mtFKBP-YFP or empty vector (mock) and treated with 1 M Shield-1 for 24 h before starting the assay as described (6) . In one of the ajprenal.physiology.org conditions tested, during washing and uptake, 10 M ruthenium red (which blocks the TRPV5 channels) was supplemented to determine the fraction of TRPV5-mediated 45 Ca 2ϩ influx. mtFKBP-TRPV5 heteromultimerization assays. In the first assay, mtFKBP-TRPV5 was cotransfected with wild-type (HA-tagged) TRPV5 (rabbit), HA-TRPV6 (mouse), TRPV4 (mouse), or with empty vector (mock) in HEK293 cells and treated with Shield-1 (1 M) for 24 h. Then, cells were washed with PBS and subsequently further cultured for 18 h (ϳ7 times t 1 ⁄2) in medium containing 1 M Shield-1 or vehicle. During the last 4 h, all samples were treated with 50 M cycloheximide to block protein synthesis. Next, cell surface biotinylation was performed (as described above), and protein expression was determined by immunoblotting using anti-HA (for wild-type TRPV5), anti-TRPV6, anti-TRPV4, and anti-FKBP12 and anti-TRPV5 (both to detect mtFKBP-TRPV5) antibodies. In the second assay, to study mtFKBP-tagged heteromultimeric protein complex assembly using Shield-1, mtFKBP-TRPV5 was cotransfected with wild-type (HA-tagged) TRPV5 in HEK293 cells and treated with 1 M Shield-1 or vehicle for 2 days. Then, cells were subjected to cell surface biotinylation and protein expression was determined by immunoblotting using anti-HA antibodies.
Statistical analysis. In all experiments, the data are expressed as means Ϯ SE. Overall statistical significance was determined by ANOVA. In case of significance, individual groups were compared using a Student's t-test. P values Ͻ0.05 were considered significant.
RESULTS
mtFKBP destabilizing domain confers Shield-1-dependent stability to TRPV5. To investigate whether fusion of mtFKBP confers Shield-1-dependent stability to multimeric ion channels, we fused mtFKBP to the NH 2 -terminal domain of TRPV5 and tested its heterologous expression in the presence or absence of Shield-1. In this series of experiments, HEK293 cells were transfected with mtFKBP-TRPV5 or empty vector (mock), or with mtFKBP-fused YFP (mtFKBP-YFP) as a control protein. Cells were treated with Shield-1 or vehicle for 24 h before lysis, and protein expression was investigated by immunoblotting. Fusion of the mtFKBP destabilizing domain to either TRPV5 or YFP decreased protein expression when Shield-1 was omitted from the medium, whereas in the presence of Shield-1 both TRPV5 and YFP were well expressed ( Fig. 2A) . The level of mtFKBP-TRPV5 expression was dependent on the concentration of Shield-1 in the medium, with maximal expression at 1 M (Fig. 2B) . Importantly, a concentration-dependent stabilization using Shield-1 was also observed for plasma membrane resident mtFKBP-TRPV5, which was isolated upon cell surface biotinylation. Similar to the total lysate, maximal cell surface abundance of mtFKBP-TRPV5 was observed when 1 M Shield-1 was applied to the medium for 24 h (Fig. 2B) . Ligand-induced stabilization was fast, with a significantly increased mtFKBP-TRPV5 signal within 1 h after addition of Shield-1. Also, the mtFKBP-TRPV5 expression at the plasma membrane showed rapid increase upon addition of Shield-1, although this signal further increased in time. Maximal expression was detected at 24 h (Fig. 2C ) and then remained virtually at a stable level (data not shown). To determine whether stabilization of mtFKBP-TRPV5 expression by Shield-1 was reversible, transfected cells with mtFKBP-TRPV5 were treated with 1 M Shield-1 for 24 h, then the ligand was washed out, and subsequently, the mtFKBP-TRPV5 signal was detected at different time points. mtFKBP-TRPV5 protein levels were quickly reduced with a half-life (t 1 ⁄2) of 2.53 Ϯ 0.59 h (Fig. 2D) . The mtFKBP-TRPV5 degradation was significantly inhibited by addition of the proteasome inhibitor MG132 (20 M) after washout of Shield-1, whereas addition of the lysosome inhibitor chloroquine (200 M) had virtually no effect (Fig. 2E) .
mtFKBP-TRPV5 forms a functional ion channel in the presence of Shield-1. The consequences of mtFKBP fusion and addition of Shield-1 on the activity of TRPV5 were determined using whole cell patch-clamp analysis. Expression of wild-type TRPV5 resulted in a readily measurable Na ϩ current at negative membrane potentials, which was absent in mock-transfected cells. At more positive membrane potentials, this current was largely diminished (Fig. 3A) . Such an inwardly rectifying I-V curve is indicative for TRPV5. Fusion of the mtFKBP destabilization domain to the NH 2 terminus of TRPV5 nearly diminished this current. However, addition of 1 M Shield-1 in the culture medium for 24 h resulted in a absolute restoration of the current, with the typical I-V relationship of TRPV5 (Fig.  3A) and with an amplitude comparable to the wild-type current (Fig. 3B) . Furthermore, wild-type TRPV5 displayed rapid inactivation when Ca 2ϩ was present in the medium, which was due to a rise in the intracellular Ca 2ϩ concentration in the vicinity of the channel (Fig. 3C) (13) . This typical Ca 2ϩ current was largely abolished upon fusion of mtFKBP to TRPV5 (Fig.  3, C and D) . Addition of Shield-1 to the mtFKBP-TRPV5-transfected cells completely rescued the TRPV5-mediated Ca 2ϩ currents (Fig. 3D) . Previously, it was shown that FKBP52 inhibits TRPV5 by direct interaction (7) . To exclude the possibility that the FKBP12-derived destabilizing domain has a similar effect on (wild-type) TRPV5 activity, mtFKBP-YFP or empty vector (mock) was transiently transfected into HEK293 cells stably expressing TRPV5 (HEK293-TRPV5) and incubated with 1 M Shield-1 for 24 h. Importantly, the ruthenium red-sensitive, TRPV5-mediated Ca 2ϩ uptake was not affected by FKBP12 overexpression as was determined using a 45 Ca 2ϩ influx assay (data not shown).
Specific codegradation of wild-type TRPV5 and TRPV6 upon destabilization of mtFKBP-TRPV5. As TRPV5 channels are constituted by four subunits, we investigated whether destabilization of mtFKBP-fused TRPV5 subunits results in destabilization of the entire channel-forming complex, including untagged subunits. In this experiment, mtFKBP-TRPV5 was coexpressed with untagged TRPV5 in the presence of Shield-1 for 24 h. Subsequently, Shield-1 was washed out and the expression of untagged TRPV5 was monitored 18 h (ϳ7 times t 1 ⁄2) thereafter. mtFKBP-TRPV5 expression was significantly reduced in the plasma membrane fraction upon washout of Shield-1, as determined by cell surface biotinylation. Importantly, the expression of untagged TRPV5 in the plasma membrane fraction was also reduced (Ϫ51 Ϯ 7%; Fig. 4, A and D) , indicating codegradation with destabilized mtFKBP-TRPV5. Omission of biotin, used as a control for the specific isolation for cell surface proteins, resulted in complete loss of TRPV5 signal, demonstrating the specificity of the neutravidin for biotin. Next, we assessed whether the codegradation effect can be used to determine whether proteins are present in a hetero-oligomeric complex with mtFKBP-tagged subunits. In this set of experiments, mtFKBP-TRPV5 was coexpressed with TRPV6 that was previously identified to form heterotetramers with TRPV5 (8, 10). Similar to the results obtained using wild-type TRPV5, TRPV6 showed signifi- cant codegradation with mtFKBP-TRPV5 upon washout of Shield-1 (Ϫ58 Ϯ 5%; Fig. 4, B and D) . Importantly, plasma membrane expression of TRPV4, which does not form heteromultimers with mtFKBP-TRPV5 (1, 8), was not significantly affected by mtFKBP-TRPV5 degradation when Shield-1 was removed (Ϫ14 Ϯ 8%; Fig. 4, C and D) , demonstrating the specificity of the procedure.
Innovative Methodology
In a following set of experiments, we investigated whether the long-term preincubation with Shield-1 was necessary for assembly of mtFKBP-tagged subunits into heteromultimeric protein complexes. Untagged TRPV5 and mtFKBP-TRPV5 were coexpressed in HEK293 cells and either treated with Shield-1 or vehicle for 2 days. Cell surface biotinylation assays were performed and the amount of untagged TRPV5, expressed at the plasma membrane, was analyzed by immunoblotting and pixel scanning densitometry. Vehicle-treated cells coexpressing untagged TRPV5 and mtFKBP-TRPV5 displayed 57 Ϯ 16% of untagged TRPV5 protein at the cell Fig. 2 . Shield-1-dependent protein stabilization method applied to TRPV5. A: mtFKBP-TRPV5 and mtFKBP-YFP protein expression in total cell lysates of mtFKBP-TRPV5-, mtFKBP-YFP-, or mock-transfected human embryonic kidney-293 (HEK293) cells treated with 1 M Shield-1 or vehicle for 24 h. B: dose-response effect of Shield-1 on cell surface expression of mtFKBP-TRPV5. HEK293 cells were transfected with mtFKBP-TRPV5 or mock and treated with different doses of Shield-1 for 24 h. Cell surface resident proteins were biotinylated and biotinylated mtFKBP-TRPV5 was detected by immunoblot ("plasma membrane," top). Samples of the lysed cells ("total cell lysates," bottom) were immunoblotted in parallel to visualize total amount of expressed mtFKBP-TRPV5. As negative controls, mock cells were used and for mtFKBP-TRPV5-transfected cells biotin was omitted from the procedure (indicated as "w/o biotin"). C: time course of Shield-1-mediated stabilization of mtFKBP-TRPV5 cell surface expression. Transfected HEK293 cells were incubated with Shield-1 (1 M) for different durations. At the indicated time points, biotinylation was performed as described in B. D: mtFKBP-TRPV5 protein degradation kinetics. Transfected HEK293 cells were incubated with Shield-1 (1 M) for 24 h. Subsequently, Shield-1 was washed out and rapid mtFKBP-TRPV5 protein degradation in total cell lysates was observed using immunoblotting (top). mtFKBP-TRPV5 protein expression levels were computed to arbitrary units (A.U.) using an imaging densitometer (n ϭ 3) and protein decay was plotted against time (solid line in graph) within its 95% confidence intervals (dotted lines). E: transfected HEK293 cells were incubated with Shield-1 (1 M) for 24 h. Subsequently, cells were washed with media and either treated with MG132 (20 M), chloroquine (200 M), Shield-1 (1 M), or vehicle, as indicated, for 4 h. mtFKBP-TRPV5 protein expression was visualized by immunoblotting using anti-TRPV5 antibodies. The increased mtFKBP-TRPV5 expression in the presence of MG132 suggests proteasomal degradation of mtFKBP-TRPV5. (Fig. 4, E and F) , indicating that long-term pretreatment with Shield-1 is not required to allow for degradation of heteromultimeric complexes containing mtFKBP-tagged subunits.

DISCUSSION
In the present study, we established a method to control expression, cell surface abundance, and activity of TRPV5. Importantly, this protein stabilization method enabled control of the expression of multimeric protein complexes of which only a subset of the subunits is tagged with the mtFKBP destabilization domain. Together, this provided a novel application of Shield-1, which might be extrapolated to ion channels in general or to other multimeric protein complexes. The suitability of the Shield-1-mediated stabilization method to regulate TRPV5 (multimeric) protein expression and activity was demonstrated by the following observations. First, plasma membrane and total cellular expression of mtFKBP-TRPV5 can be regulated in a dose-and time-depending fashion using Shield-1. Second, mtFKBP-TRPV5 is a Shield-1-dependent functional ion channel with similar (electrophysiological) characteristics as wild-type TRPV5. Third, mtFKBP-tagged TRPV5 subunits assemble into heteromultimeric TRPV ion channels together with wild-type TRPV5 or TRPV6 subunits, thereby creating Shield-1-dependent multimeric protein complexes.
In the study of Banaszynski et al. (2), it was shown that fusion of FKBP12 carrying two point mutations (F36V/L106P) can destabilize cytoplasmic proteins, nuclear proteins, and the transmembrane protein CD8␣. This method has recently been successfully applied in apicomplexan parasites, where analysis of gene function is limited by the absence of reverse genetic tools that allow easy and rapid modulation of protein levels (9). Herm-Götz and colleagues (9) fused the mtFKBP destabilizing domain to different proteins and elucidated the essential function of Rab11A during invasion of the host cell and for intracellular propagation of the parasite. In the present study, we describe the use of this destabilizing domain method to conditionally regulate expression and function of the plasma membrane-expressed ion channel TRPV5. We showed that fusion of the mtFKBP destabilizing domain results in rapid degradation of TRPV5 via the proteasome in the absence of Shield-1. Although the measured half-life of mtFKBP-TRPV5 upon Shield-1 washout was already very short, novel protein synthesis during this interval could partially obscure an even Fig. 3 . mtFKBP-TRPV5 forms a Shield-1-dependent functional ion channel. HEK293 cells were transfected as indicated and either treated with 1 M Shield-1 or vehicle for 24 h before whole cell patch-clamp analysis. A and B: depicted are the current-voltage (I-V) relationships measured using a voltage ramp protocol (from Ϫ100 to ϩ100 mV) in medium without added divalent ions (DVF). Average Na ϩ current densities at Ϫ80 mV in DVF solution are 561 Ϯ 58 pA/pF (n ϭ 16) for Shield-1-stabilized mtFKBP-TRPV5-tranfected cells compared with 75 Ϯ 12 pA/pF (n ϭ 14) for the vehicle-treated and 545 Ϯ 47 pA/pF (n ϭ 20) compared with 19 Ϯ 6 pA/pF (n ϭ 5) for TRPV5-or mock-transfected cells, respectively. C and D: averaged Ca 2ϩ currents of the different conditions measured using a voltage step to Ϫ100 mV from a holding potential of ϩ70 mV with 10 mM Ca 2ϩ in the extracellular solution. Ca 2ϩ currents are significantly increased in wild-type TRPV5 and Shield-1-stabilized mtFKBP-TRPV5, compared with mock-and vehicle-treated mtFKBP-TRPV5-transfected cells, respectively. Averaged densities of the maximum Ca 2ϩ peak currents measured are 724 Ϯ 72 pA/pF (n ϭ 13) for Shield-1-stabilized mtFKBP-TRPV5-tranfected cells compared with 146 Ϯ 61 pA/pF (n ϭ 11) for the vehicle-treated and 503 Ϯ 44 pA/pF (n ϭ 19) compared with 23 Ϯ 11 pA/pF (n ϭ 4) for TRPV5-or mock-transfected cells, respectively. E: (mtFKBP-)TRPV5 protein expression in one of the experiments representative for the patch-clamp analysis. * And # indicate significant difference to control situations (P Ͻ 0.0001).
faster rate of degradation. Furthermore, mtFKBP-TRPV5 cell surface abundance and/or channel activity increased to control levels in a time-and dose-dependent fashion upon application of Shield-1. Together, this provides the first example of the use of Shield-1 to control the expression and activity of an ion channel in a rapid, reversible, and tunable fashion. In addition, the effect of destabilization of mtFKBP-TRPV5 after Shield-1 washout on the degradation of untagged TRPV5 and TRPV6 indicates that not all subunits need to be mtFKBP-tagged to regulate plasma membrane expression of these multimeric ion channels (see also the model in Fig. 5 ). TRPV5 can form homotetramers and heterotetramers with TRPV6 in vitro and in vivo, as shown by pull-down assays, coimmunoprecipitations, and life cell imaging of "Förster resonance energy transfer" using transfected cells (8, 10) . In contrast, TRPV4 only forms homomeric channels and does not interact with other TRPV family members (1, 8) . Therefore, the specificity of the degradation of wild-type TRPV5 and TRPV6 by the incorporation of mtFKBP-TRPV5 subunits is demonstrated as TRPV4 expression was not affected by mtFKBP-TRPV5 degradation after Shield-1 washout.
Although destabilization of the TRPV5 complex in the total cell lysate was incomplete, plasma membrane resident mtFKBP-TRPV5/TRPV5 heteromultimers displayed significant degradation upon Shield-1 washout. Interestingly, similar destabilization of mtFKBP-TRPV5/TRPV5 heteromultimers was also demonstrated without preincubation with Shield-1, providing evidence that the stabilizing ligand is not necessary for assembly of the mtFKBP-tagged multimeric ion channel. Likely, the heteromultimers are continuously assembled in the Fig. 4 . Degradation of mtFKBP-TRPV5 hetero-oligomers. HEK293 cells were transfected with empty vector (mock), or cotransfected with mtFKBP-TRPV5 and HA-TRPV5, HA-TRPV6, or TRPV4, and subsequently the heteromultimerization assay as described in EXPERIMENTAL PROCEDURES was performed. Biotinylations of TRPV5, TRPV6, TRPV4, and controls were performed and analyzed as described in Fig. 2B and EXPERIMENTAL PROCEDURES. Degradation of cell surface-expressed mtFKBP-TRPV5, initiated by the replacement of the stabilizing ligand Shield-1 by vehicle (A-C: "plasma membrane," bottom), significantly decreased plasma membrane expression of untagged TRPV5 by 51 Ϯ 7% (A, top: plasma membrane, and D) and TRPV6 by 58 Ϯ 5% (B, top: plasma membrane, and D), but not that of TRPV4 (14 Ϯ 8%; C, top: plasma membrane, and D). Samples of the lysed cells (A-C: "total cell lysates") were immunoblotted in parallel to visualize the total amount of expressed proteins. For each condition (n ϭ 6 from 3 independent experiments), representative blots are shown. In a following set of experiments, HEK293 cells were mock-transfected or cotransfected with HA-TRPV5 and mtFKBP-TRPV5 and either treated with Shield-1 or vehicle for 2 days. Subsequently, biotinylation of TRPV5 was performed and cell surface protein expression was analyzed (E, n ϭ 3) and plotted (F, expression of the Shield-1-treated condition is 100%). This series of experiments indicates that heteromultimeric channels expressed at the plasma membrane are degraded when Shield-1 is removed (D) and that heteromultimers with the mtFKBP-tagged subunit protein are transiently formed in the absence of Shield-1 (F). *Significant difference (D, P Ͻ 0.001; E, P Ͻ 0.05), "w/o biotin" indicates that for these samples biotin was omitted from the procedure, and "HA, TRPV4, TRPV5, TRPV6, FKBP12" indicates the corresponding antibodies that were used for immunoblotting. endoplasmic reticulum, and subsequently rapidly degraded by the proteasome when Shield-1 is not present. These findings demonstrate that mtFKBP fusion provides destabilization of protein complexes containing untagged proteins in addition to the mtFKBP-tagged subunits. Based on the application of Shield-1 on a broad variety of proteins, we expect that this approach can be extrapolated to other multimeric protein complexes. In particular, ion channels that require the assembly of two distinct subunits for localization at the plasma membrane would be suitable for tunable functional expression using a mtFKBP-tagged isoform of one of the subunits. For example, K ATP channels, octameric K ϩ channels, which consist of four inward rectifying potassium (KIR) subunits and four sulphonylurea receptor (SUR) subunits, are targeted to the plasma membrane, whereas the isolated KIR or SUR subunits do not exit the endoplasmic reticulum (20) . When one of these subunits is fused to mtFKBP, this would ensure that all K ATP complexes arriving at the plasma membrane are mtFKBPtagged, enabling efficient destabilization upon Shield-1 washout. Similarly, ion channel complexes that acquire protein stability only upon heteromultimeric assembly would provide good tunable Shield-1-mediated control upon mtFKBP tagging of only one subunit. An example would be the chloride channel-7 (ClC-7) protein, which is expressed poorly (Ͻ10%) unless associated with osteopetrosis-associated transmembrane protein-1 (Ostm1) for maximum stability and function (11) .
Fusion of mtFKBP to Ostm1 would ensure the presence of the tag in a large majority of the formed ClC-7/Osmt1 complexes. Possibly, mtFKBP-tagged subunits could provide tunable control of expression and function over a wide variety of heteromeric multiprotein complexes, including plasma membrane transporters or even cytosolic or nuclear protein complexes, as long as they are accessible to proteasomal degradation. Similarly, it remains to be explored whether transient interactions in a protein complex allow for complex degradation upon Shield-1 washout and the number of subunits needed to be mtFKBP-tagged to result in degradation of the complex.
Two possible pitfalls in the application of mtFKBP fusion to ion channel proteins were addressed in our study. The first was whether addition of the mtFKBP tag changed the channel properties in the Shield-1-stabilized state. mtFKBP-TRPV5 currents were not altered by the tag, which is in line with previous results using GFP-fused TRPV5 (6). The second was whether the expression of the FKBP12-derived destabilizing domain in cells affected TRPV5 activity. The main rationale for this was an earlier study where we showed that the FKBP12-related family member FKBP52 (synonym of Hsp56) actively inhibited the TRPV5-mediated Ca 2ϩ influx via its peptidyl-prolyl cis-trans isomerase activity (7) . However, overexpression of mtFKBP-YFP (after stabilization using Shield-1) by itself did not affect TRPV5-mediated Ca 2ϩ influx, indicating that FKBP52 and FKBP12 work via distinct mechanisms. In the presence of Shield-1, mtFKBP-fusion proteins can be incorporated into protein complexes that also contain untagged subunits (top). By subsequent removal of Shield-1 from the culture medium, complete protein complexes containing mtFKBP-fused subunits will be degraded (bottom), resulting in degradation of both the tagged and untagged subunits.
This control might be essential for ion channels that bind FKBP12, including TRPC ion channels (15) and the ryanodine receptor (3).
In conclusion, this study shows the application of the small molecule ligand Shield-1 in the tunable and reversible control of TRPV5 expression. This is the first demonstration of the application of this novel method to study ion channels that operate at the plasma membrane. Importantly, our findings indicate that not all subunits of hetero-oligomers need to be mtFKBP-tagged to regulate protein expression and seem therefore valuable for the investigation of multimeric protein functioning.
